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Oligomers of heat-shock proteins: Structures that don’t imply function
William M. Jacobs,∗ Tuomas P.J. Knowles, and Daan Frenkel†
Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, United Kingdom
Most proteins must remain soluble in the cytosol in order to perform their biological functions.
To protect against undesired protein aggregation, living cells maintain a population of molecular
chaperones that ensure the solubility of the proteome. Here we report simulations of a lattice
model of interacting proteins to understand how low concentrations of passive molecular chaper-
ones, such as small heat-shock proteins, suppress thermodynamic instabilities in protein solutions.
Given fixed concentrations of chaperones and client proteins, the solubility of the proteome can be
increased by tuning the chaperone–client binding strength. Surprisingly, we find that the binding
strength that optimizes solubility while preventing irreversible chaperone binding also promotes the
formation of weakly bound chaperone oligomers, although the presence of these oligomers does not
significantly affect the thermodynamic stability of the solution. Such oligomers are commonly ob-
served in experiments on small heat-shock proteins, but their connection to the biological function
of these chaperones has remained unclear. Our simulations suggest that this clustering may not
have any essential biological function, but rather emerges as a natural side-effect of optimizing the
thermodynamic stability of the proteome.
INTRODUCTION
Passive molecular chaperones inhibit the aggregation
of cytosolic proteins and are thus a nearly ubiquitous
component of living cells [1–3]. This class of chaperones
comprises clusterin, α-crystallins and many other small
heat-shock proteins (sHSPs), which promote tolerance to
a wide range of cellular stressors such as elevated tem-
peratures and hazardous nonspecific interactions [4, 5].
These chaperones cannot by themselves fold or refold
misassembled proteins and do not require ATP to func-
tion. Instead, passive chaperones associate reversibly
with aggregation-prone proteins. Even when present
in sub-stoichiometric ratios with their client proteins,
sHSPs and similar chaperones are effective at suppress-
ing aggregation and coping with environmental stress [6–
8]. Yet the mechanism by which this class of chaperones
stabilizes the cytosol is not well understood despite sig-
nificant efforts at determining the structural properties
of these molecules.
Here we propose that passive chaperones function
by increasing the overall solubility of the proteome.
Through this mechanism, passive chaperones reduce the
fraction of toxic oligomers in solution and suppress the
nucleation of protein aggregates. It has recently become
apparent that some sHSPs can also interact with pro-
tein aggregates in order to curtail further protein depo-
sition [9–11]. These aggregates are often detrimental to
cellular survival, in part because they can sequester other
crucial proteins [12]. We provide simulation evidence
that this effect on the proteome solubility is a generic fea-
ture of passive chaperones that associate promiscuously
and reversibly with their clients.
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There is substantial experimental evidence that passive
chaperones interact promiscuously with client proteins in
chemical equilibrium. Both the rate of client aggregation
and the fraction of chaperones associated with insolu-
ble proteins are concentration-dependent [1, 3]. Further-
more, chaperone binding responds directly to increases
in the available client binding surfaces, including hy-
drophobic regions of destabilized clients that are only
transiently exposed [13]. The binding of passive chaper-
ones often modifies the size and structure of amorphous
aggregates, leading to smaller soluble clusters in which
the putative chaperone binding sites are associated with
the hydrophobic interfaces of the client proteins [14–16].
On the basis of these dynamic chaperone–client aggre-
gates, previous studies have suggested that such aggre-
gates might serve as a relatively inert depot of misfolded
proteins during cellular stress [2, 17–20].
However, client proteins are not the only substrates
to which passive chaperones bind: these chaperones are
commonly found in chaperone-only oligomers both in
vitro and in vivo [7, 14–16, 21–24]. Recent experi-
ments indicate that these dynamic oligomers are also
under thermodynamic control [15, 16, 25, 26] and vary
with the experimental conditions, such as the tempera-
ture and the ionic strength of the solution [25, 27, 28].
Because this tendency to form oligomers is highly con-
served across the family of sHSPs and similar molec-
ular chaperones, it has long been recognized that dy-
namic fluctuations in the oligomeric state play an im-
portant role in the organization of many passive chaper-
ones [7, 25, 29, 30]. At present, however, it is unclear
whether the formation of chaperone oligomers is a key
functional event. In fact, there is considerable evidence
to the contrary: experiments have shown that mutations
and post-translational modifications that alter the ten-
dency of chaperones to form oligomers do not necessar-
ily affect their function [27, 31–34]. These observations
raise the question of how, if at all, the presence of chap-
erone oligomers contributes to their ability to solubilize
2aggregation-prone proteins in vivo. Here we show that
both the function and oligomerization of passive molecu-
lar chaperones can be explained by identifying the opti-
mal conditions for a thermodynamically stable solution of
chaperones and aggregation-prone proteins. Our results
suggest that low concentrations of promiscuous chaper-
ones are a generic means of stabilizing a biological mix-
ture with respect to a variety of nonfunctional interac-
tions.
RESULTS
To understand how passive molecular chaperones af-
fect the thermodynamic stability of a protein solution,
we consider a minimal model of two species in solu-
tion: an aggregation-prone protein and a simple molec-
ular chaperone. Aggregation of the client proteins
is primarily driven by highly directional interactions.
These interactions are mediated by ‘patches,’ which
represent primarily hydrophobic regions that are com-
monly involved in both functional and aberrant protein–
protein interactions. Chaperone–client recognition is
also driven by these directional associations between
chaperone monomers and the exposed patches of client
monomers. Both the chaperone and client proteins may
also associate via weak nonspecific interactions, which
we assume to be averaged over the relative orientations
of the monomers. These pairwise isotropic interactions
account for transient associations between proteins in
a crowded environment [35, 36]. We do not explicitly
model the overwhelming majority of proteins that may
also experience this weak nonspecific interaction but are
not prone to aggregation via directional interactions, as
this simplification does not qualitatively affect our anal-
ysis.
Lattice model of a chaperone–client mixture
In protein solutions under physiological conditions, the
interactions between proteins are short-ranged in com-
parison to the size of the monomers, since the high ionic
strength characteristic of physiological media leads to an
effective screening of electrostatic interactions [37]. We
therefore choose to model protein interactions through
nearest-neighbor contacts on a three-dimensional lattice,
where unoccupied lattice sites represent an implicit sol-
vent. Monomers interact if they reside on adjacent lat-
tice sites, and they are free to rotate and to move among
lattice sites in accordance with the equilibrium Boltz-
mann distribution. We assume that each protein exists
in a single coarse-grained conformation and that the in-
teractions between proteins are determined by effective
binding free energies (Figure 1). This coarse-graining of
the internal degrees of freedom allows us to capture the
effects of the intermolecular forces in a reduced set of
parameters and is particularly suitable for both globular
−βǫc-c−βǫc-s−βǫs-s
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FIG. 1. A minimal model of an associating fluid of passive
chaperones and aggregation-prone client proteins. Chaper-
one and client monomers interact via nearest-neighbor inter-
actions on a three-dimensional cubic lattice. Orientationally
averaged nonspecific interactions may be either attractive or
repulsive. Directional interactions between specific binding
sites, indicated by blue patches, depend on the relative orien-
tations of the monomers and are always attractive.
proteins in near-native states and misassembled proteins
with exposed hydrophobic regions. All monomers on ad-
jacent lattice sites experience an orientationally averaged
nonspecific interaction, which is assigned a dimensionless
free energy of −βǫ. (Interaction energies are expressed in
thermal units: β−1 ≡ kBT , where kB is the Boltzmann
constant and T is the absolute temperature.)
Because aggregation-prone proteins are likely to partic-
ipate in directional protein–protein interactions via mul-
tiple binding sites [1, 38–40], which also promote inter-
actions with sHSPs [41, 42], we choose a client model
with three patches that is susceptible to aggregation by
means of directional interactions alone (Figure 1). The
directional interactions between client monomers are as-
signed an attractive free energy of −βǫs-s. These inter-
actions are chosen to be strong enough to form insoluble
client aggregates in the absence of both chaperones and
additional nonspecific interactions [35].
A minimal model of a passive chaperone must be capa-
ble of binding exposed patches on the client monomers.
Here we assume that the chaperone monomers have a sin-
gle binding site and that the interaction free energy be-
tween chaperone and client patches is −βǫc-s (Figure 1).
While this assumption is clearly a simplification of the
structure of passive chaperones, which may interact with
diverse clients via different binding sites, this representa-
tion captures the passivation of interactive client binding
sites through the burial of hydrophobic surfaces. Most
3importantly, this representation has the physical features
that are necessary to capture the qualitative effects of
passive chaperones on the thermodynamics of a complex
fluid. Because passive chaperones are known to function
at low concentrations, we assume that there are always
fewer chaperones than client binding sites. In what fol-
lows, the relative amounts of the chaperone and client
monomers in solution are indicated by xc and xs, respec-
tively, such that xc + xs = 1.
We have used Monte Carlo simulations and finite-size-
scaling techniques to calculate the miscibility limit of
this model, i.e., the point at which the chaperone–client
mixture becomes unstable with respect to aggregation
and/or demixing (see Methods). This miscibility limit
coincides with a thermodynamic instability, where small,
spontaneous fluctuations are sufficient to establish long-
ranged spatial heterogeneity in an initially well-mixed
solution. In a protein solution, a thermodynamic insta-
bility may have contributions from directional interac-
tions, which cause the polymerization and demixing of
the strongly interacting species, as well as orientationally
averaged interactions, which drive the formation of ther-
modynamic phases with differing protein densities [35].
Strong directional interactions between the client pro-
teins can thus lead to the formation of disordered aggre-
gates and an accompanying loss of solubility.
Passive chaperones enhance the thermodynamic
stability of a protein solution
As expected, the presence of chaperones inhibits the
formation of client oligomers by competing for binding
to patches on the client monomers. However, this passi-
vation of directional interactions is not the only effect of
chaperone binding: the interactions between chaperones
and client proteins simultaneously increase the strength
of the orientationally averaged nonspecific interactions
that the solution can tolerate while remaining thermo-
dynamically stable. This effect can be seen in Figure 2,
which shows the miscibility limit, βǫ∗, at which insolu-
ble aggregates first appear in the solution. When the
strength of the orientationally averaged nonspecific in-
teractions increases beyond this limit, i.e., βǫ > βǫ∗, the
solution becomes unstable with respect to small fluc-
tuations in the protein concentrations. Increasing the
strength of these nonspecific interactions can thus cause
the solution to become unstable without altering the
strength of the directional interactions that drive the
polymerization of the client monomers. Our calculations
show that passive chaperones dramatically affect the mis-
cibility limit by inhibiting polymerization and solubiliz-
ing transient clusters of client proteins, despite the fact
that there are far fewer chaperones than there are client
binding sites.
In the absence of chaperones, i.e., xc → 0, the so-
lution is unstable due to the strong directional interac-
tions between the aggregating client monomers. In this
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FIG. 2. The miscibility limit, βǫ∗, of a chaperone–client
mixture depends on the chaperone–client binding strength,
βǫc-s, and the chaperone stoichiometric fraction, xc. The
chaperone–chaperone interactions have only a minor effect
on βǫ∗: the miscibility limits of solutions with promiscuous
chaperone interfaces, for which βǫc-c = βǫc-s, are indicated by
open circles, while the miscibility limits of solutions in which
chaperone–chaperone interactions are prevented are indicated
by closed circles. The client–client interaction strength, βǫs-s,
is sufficient to drive the aggregation of clients in the absence
of chaperones.
case, βǫ∗ is negative, indicating that a solution of suf-
ficiently concentrated client proteins in a well-screened
solvent will form insoluble aggregates. It is important to
note that even when βǫc-s = 0, the chaperones still in-
teract nonspecifically with the client monomers through
the orientationally averaged interaction βǫ. Here we find
that the addition of such ‘inert’ chaperones has a negligi-
ble effect on the miscibility limit relative to a client-only
solution. This observation also implies that the major-
ity of cytosolic proteins that are not aggregation-prone
do not significantly affect the miscibility limit when the
dominant instability is driven by strong directional inter-
actions.
Our calculations further indicate that the thermody-
namic forces driving these instabilities are qualitatively
different in solutions with weakly and strongly binding
chaperones. In the case of weakly binding chaperones
(βǫc-s ≪ βǫs-s), the solution demixes into client-enriched
and client-depleted phases primarily as a result of di-
rectional interactions. Insoluble client aggregates recruit
monomers via the formation of directional contacts and
exchange small oligomers with the coexisting solution.
With strongly binding chaperones (βǫc-s ≫ βǫs-s), the so-
lution forms a high-density condensate consisting of both
chaperones and client proteins bound by nonspecific in-
teractions. Under these conditions, the proteins in both
the soluble and insoluble phases exist as amorphous clus-
ters that decrease in size as the stoichiometric ratio xc/xs
is increased. The introduction of strongly binding chap-
4erones, even in low concentrations, significantly increases
the solution miscibility limit towards the theoretical max-
imum for this model, βǫ∗max ≃ 0.87.
Chaperone–chaperone interactions do not
significantly affect the miscibility limit
Because a chaperone that interacts with a variety of
clients is very likely to engage in promiscuous interac-
tions, it is reasonable to assume that chaperones do not
distinguish among the various hydrophobic surfaces in
solution. The strength of interactions between chaper-
one binding sites is likely to be similar to the strength of
interactions between chaperones and clients, and thus it
is natural to assume that βǫc-c = βǫc-s. However, if we
instead prevent chaperone–chaperone binding by setting
βǫc-c = 0, we find that the effect on the solution misci-
bility limit is negligible (Figure 2).
Since the parameter βǫc-c directly controls the prob-
ability of chaperone dimerization, our calculations sug-
gest that the formation of chaperone oligomers has a
very minor effect on chaperone function. Experimentally,
the relationship between oligomerization and chaperone
function has been probed by modifying or truncating
sHSPs [27, 32–34]. The available experimental evidence
indicates that alterations to the putative client binding
sites on sHSPs affect the oligomer equilibria and the func-
tionality of the chaperones independently, in qualitative
agreement with the predictions of this model.
A biological fitness function suggests conditions for
optimized chaperone operation
Putting these results into context, we now ask, “Is
there an optimal chaperone–client binding strength for a
biological mixture?” Figure 2 shows that strongly bind-
ing chaperones are best suited for increasing the mis-
cibility limit. In this case, producing more chaperones
(or reducing the total concentration of aggregation-prone
clients) increases βǫ∗ in an approximately linear relation-
ship, allowing an organism to respond effectively to an
increase in nonspecific interactions. Nevertheless, strong
promiscuous interactions come at a cost: nearly irre-
versible binding between a chaperone and any available
association site, including other proteins that are not ex-
plicitly modeled in our simulations, sequesters both in-
terfaces, thereby preventing their participation in further
functional interactions. The optimal chaperone binding
strength must balance these competing requirements for
solution stability and reversible binding.
Despite the complexity of naturally occurring protein
solutions, we can predict the optimal chaperone binding
strength by considering a generic fitness function, which
quantifies the trade-offs in biological costs and benefits.
This fitness should be maximized for optimal biologi-
cal function. For the present model, the fitness F is
a function of the miscibility limit, βǫ∗, as well as two
biological costs that depend on the variables βǫc-s and
xc. In the absence of any deleterious effects of chap-
erone action, increasing the solubility of the proteome
must be beneficial, and thus F should be an increasing
function of βǫ∗. However, one potential cost of chap-
erone action arises from the sequestration of functional
proteins (which are not explicitly modeled in our simu-
lations but must be present in a naturally occurring pro-
tein solution) due to the promiscuous binding of chap-
erones. Another potential cost is associated with the
production of chaperone molecules. These costs imply
that the fitness function F [βǫ∗(βǫc-s, xc), βǫc-s, xc] should
satisfy both ∂F/∂βǫc-s|βǫ∗ < 0 and ∂F/∂xc|βǫ∗ < 0, re-
spectively, when the miscibility limit βǫ∗ is held constant.
Taking the total derivative of F with respect to both βǫc-s
and xc, we find that this fitness function is maximized
where
∂βǫ∗
∂βǫc-s
=
−
∂F
∂βǫc-s
∣∣∣∣
βǫ∗
∂F
∂βǫ∗
and
∂βǫ∗
∂xc
=
−
∂F
∂xc
∣∣∣∣
βǫ∗
∂F
∂βǫ∗
.
All partial derivatives of F depend on the precise nature
of the biological system and thus cannot be determined
precisely. Nevertheless, it is reasonable to assume that
the cost derivatives of F are approximately constant: at
low chaperone concentrations, the law of mass action im-
plies that the cost due to reversible, promiscuous bind-
ing is approximately linear in both xc and βǫc-s, while
the total cost associated with the production of chaper-
one molecules is also proportional to their concentration.
We can therefore interpret the ratios of the derivatives
in each of the above equations as the importance of each
cost relative to the benefit of stabilizing the protein so-
lution. Assuming that promiscuous chaperone binding
and chaperone production are indeed significant biologi-
cal costs, then these equations imply that we should seek
to optimize the fitness by maximizing the response func-
tions ∂βǫ∗/∂βǫc-s and ∂βǫ
∗/∂xc.
More intuitively, maximizing these response functions
directs the optimal chaperone design towards the re-
gion of parameter space in which the solution miscibil-
ity limit is most sensitive to small increases in either
the chaperone–client binding strength or the number of
chaperone molecules in solution. The first condition,
∂βǫ∗/∂βǫc-s, biases the optimal chaperone design away
from values of βǫc-s for which the miscibility limit in-
creases asymptotically, thus discriminating against ex-
cessively strong binding between chaperones and clients.
The second condition, ∂βǫ∗/∂xc, requires that the mis-
cibility limit be sensitive to changes in the chaperone
stoichiometric fraction.
Our calculations show that it is indeed possible to sat-
isfy both conditions simultaneously. In Figures 3a and
3b, we plot the calculated response functions ∂βǫ∗/∂βǫc-s
and ∂βǫ∗/∂xc, in dimensionless units, as functions of
the chaperone stoichiometric fraction and the chaperone
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FIG. 3. The optimized design window for a passive molecular chaperone coincides with the conditions under which chaperone
oligomerization is most probable. (a) The response in the solution miscibility limit to an increase in the chaperone stoichiometric
fraction. The approximately linear response regime for strong binding chaperones is indicated in red. (b) The response in the
solution miscibility limit to an increase in the chaperone–client binding strength. (c) The probability that a chaperone binding
interface is bound to another chaperone monomer. For a given stoichiometric ratio of chaperones and clients, this probability
is greatest in approximately the same design window in which both ∂βǫ∗/∂xc and ∂βǫ
∗/∂βǫc-s are simultaneously maximized.
binding strength. We identify a ‘design window’ for op-
timal chaperone operation by finding the approximate
range of chaperone binding strengths over which both re-
sponse functions are maximized given a fixed chaperone
stoichiometric fraction. The region of parameter space in
which both response functions can be maximized is rela-
tively narrow, suggesting that optimized passive chaper-
ones should have tightly constrained binding strengths.
We further find that the optimal range of chaperone bind-
ing strengths is only weakly dependent on the chaperone
stoichiometric fraction. This observation implies that
chaperones with fixed binding strengths can operate close
to optimality over a wide range of sub-stoichiometric con-
centrations. We also note that these protein–protein
interaction free energies are in the physical range of a
few kBT . The optimal chaperone binding strength is
generally weaker than the client–client interactions, in-
dicating that the chaperones need not out-compete the
aggregation-prone clients for association with exposed
binding interfaces.
The optimal chaperone–client binding strength
promotes chaperone oligomerization
Remarkably, our simulations reveal that the probabil-
ity of finding chaperone oligomers is also highest in the re-
gion of parameter space where the optimal design condi-
tions for chaperone activity are satisfied. In Figure 3c, we
plot the probability of chaperone–chaperone binding at
the miscibility limit, assuming that βǫc-c = βǫc-s. We find
that this probability is maximal in the window of opti-
mal chaperone binding strength over the complete range
of simulated chaperone stoichiometric fractions. Under
these conditions, a significant fraction of the chaperone
binding sites are not associated with the aggregation-
prone interfaces on the client proteins, but are rather
buried in chaperone-only oligomers. This fraction may
be even higher in the miscible fluid or in the presence of
client proteins that are less prone to aggregation due to
weaker directional interactions.
These calculations provide further evidence that the
assembly of chaperone oligomers does not play a func-
tional role. Although the choice of βǫc-c affects the mag-
nitude of the effect shown in Figure 3c, we emphasize
that simply allowing chaperone–chaperone binding does
not imply that chaperone-only oligomers will be observed
at the miscibility limit: there is a large region of pa-
rameter space over which this probability is very small.
Furthermore, the results presented in Figure 3 are quali-
tatively unchanged for all reasonable choices of βǫc-c, i.e.,
0 < βǫc-c . βǫc-s. Our simulations thus indicate that the
ability to assemble chaperone oligomers affects neither
the anti-aggregation function of the chaperones nor their
adherence to the proposed design constraints.
DISCUSSION
We have shown that a simple model of chaperone–
client mixtures reveals two generic and unexpected fea-
tures of passive molecular chaperones. First, chaperone–
chaperone interactions only marginally affect the stabil-
ity of a protein solution in which strong directional inter-
6actions drive the aggregation of client proteins. Second,
promiscuous passive chaperones tend to assemble chap-
erone oligomers under conditions where the chaperone–
client binding strength balances the requirement for pro-
teome stability with the need to avoid irreversible bind-
ing. Taken together, these results suggest that the assem-
bly of oligomers of passive molecular chaperones is not
an essential functional event for stabilizing a protein so-
lution. Instead, this behavior emerges as a side-effect of
operating under thermodynamically optimal conditions.
To arrive at this conclusion, we have proposed that
passive chaperones perform their anti-aggregation func-
tion by increasing the miscibility limit of a protein so-
lution. Through this mechanism, passive chaperones in-
hibit the sequestration of functional proteins and increase
the thermodynamic stability of a biological mixture with
respect to random nonspecific interactions. Our simu-
lations demonstrate that this mechanism is physically
plausible even when the aggregation-prone client proteins
greatly outnumber the chaperones. We emphasize that
only the ratio of chaperone molecules to client binding
interfaces, not the total concentration of chaperones in
solution, is relevant for chaperone function. In all cases
considered here, the stoichiometric fraction of chaperones
is much lower than xc = 0.75, the fraction that would
be required to passivate all binding sites on the three-
patch client monomers in the solution. The fact that
the chaperones that fulfill this anti-aggregation function
are highly conserved in both lower and higher organisms
suggests that there is a strong evolutionary pressure to
perform this role in an optimized fashion. Our calcula-
tions indicate that the range of suitable chaperone bind-
ing strengths is indeed narrow and that the principles
for an optimal design emerge from thermodynamic argu-
ments.
The generality of the present model suggests that the
assembly of chaperone-only oligomers would not be af-
fected by introducing additional detail in an off-lattice
model. Such an extension, however, would allow a much
wider variety of chaperone oligomers to be observed. The
significant coarse-graining involved in the development of
the present model and the high symmetry imposed by the
lattice do not permit the reproduction of many structural
features or the precise oligomeric distributions of specific
passive chaperones. For instance, all three domains of
αB-crystallin are believed to be involved in the assembly
of higher-order oligomers [26], while the chaperones in
the present model may only form dimers through client-
binding interfaces. Nevertheless, such detailed molecular
interactions are unlikely to affect the physical mechanism
by which passive chaperones suppress aggregation.
Most importantly, the simplicity of this model allows
us to make generic predictions about the thermodynam-
ics of passive molecular chaperones. Regardless of the
molecular-level details, the critical behavior of a fluid
with short-ranged interactions falls within the Ising uni-
versality class, which is also known to describe phase
separation in globular protein solutions [43–47]. In the
vicinity of the miscibility limit, fluctuations in both the
protein density and the intermolecular contacts within
aggregates are significant, and a broad distribution of
cluster sizes is observed at equilibrium. Our proposed
mechanism therefore supports the assertion that sub-
unit exchange is essential for the function of sHSPs and
related chaperones [4, 7, 30, 48, 49]. Even if the ag-
gregates are not fully equilibrated due to slow kinetics,
the large concentration fluctuations in the vicinity of a
metastable critical point are likely to enhance the forma-
tion of gel-like aggregates [50] or the nucleation of aggre-
gated phases [51, 52]. For example, recent simulations
have shown that clustering through nonspecific interac-
tions plays an important role in the kinetics of amyloid
fibril nucleation [53].
CONCLUSIONS
We have presented a minimal model of a mixture of
passive molecular chaperones and aggregation-prone pro-
teins. By calculating the limit of thermodynamic sta-
bility in this model protein solution, we have shown
how passive chaperones that are expressed in sub-
stoichiometric ratios with their clients can substantially
suppress aggregation. We have further argued that the
biological costs associated with chaperone production
and promiscuous, irreversible binding significantly con-
strain the optimal design of an effective passive chaper-
one. We find that if passive chaperones interact promis-
cuously with exposed hydrophobic surfaces, then the as-
sembly of chaperone oligomers emerges as a nonfunc-
tional side-effect of this thermodynamically optimal de-
sign. Because of the generality of the model, these con-
clusions are relevant to a broad class of molecular chap-
erones. Fully atomistic simulations could provide further
information on the parameters governing the interac-
tion strengths between chaperones and their aggregation-
prone targets as well as between the passive chaperones
themselves. Such simulations could therefore provide a
means of transferring the general thermodynamic prin-
ciples uncovered by the coarse-grained simulations pre-
sented here to detailed models of specific chaperone–
client mixtures.
METHODS
In the lattice model considered here, the limit of ther-
modynamic stability of a well-mixed solution is encoun-
tered at the critical surface for phase separation. In what
follows, we describe the Monte Carlo simulations and
finite-size-scaling theory used to calculate points on this
critical surface. Our approach is a generalization of the
computational strategy described in detail in Ref. 35.
In general, the critical surface of a multicomponent
mixture has dimension d− 2, where d is the total num-
ber of independent thermodynamic fields [54]. The inde-
7pendent thermodynamic fields in the present model are
the dimensionless chemical potentials of both the chap-
erones and the clients, βµc and βµs, respectively, as well
as the dimensionless interaction energies: βǫ, βǫs-s, βǫc-s
and βǫc-c. The relevant critical surface in this model is
thus a 4-dimensional surface.
We perform biased grand-canonical Monte Carlo simu-
lations, as described in Ref. 35, to collect statistically in-
dependent lattice configurations near the critical surface.
We use a L× L× L cubic lattice with periodic boundary
conditions and set L = 12 so that all simulations are car-
ried out in the scaling regime. We then apply the finite-
size-scaling theory of Wilding and Bruce [55, 56] to solve
self-consistently for the critical order parameter, Mˆ, and
the critical orientationally averaged nonspecific energy,
βǫ∗, at fixed values of βǫs-s, βǫc-s, βǫc-c and xc. In order
to determine each critical point plotted in Figure 2, we
approximate the marginal probability distribution p(M)
from the grand-canonical samples and then tune this dis-
tribution in order to match the known distribution of the
critical ordering operator in the three-dimensional Ising
universality class, pM. This computational procedure is
described below.
In a two-solute solution, with two independent dimen-
sionless chemical potentials βµc and βµs, the critical or-
der parameter must account for fluctuations in the num-
ber densities of both the client and chaperone monomers,
ρs and ρc, respectively, as well as fluctuations in the in-
ternal energy density, u. The critical fluctuations in the
number densities can be described by the vector νˆ, which
indicates the difference in compositions of the two incip-
ient phases [36]. We therefore define Mˆ to be the linear
combination
Mˆ ≡ νsρˆs + νcρˆc − suˆ, (1)
where both νˆ and the field-mixing parameter s must be
determined self-consistently. The grand-canonical distri-
bution ofM is constructed from the simulation data ac-
cording to
p
(M)
gc,k ≡ Λ
∑
v
wv1
{
δMk ≤
[
(ρs, ρc, u)v ·Mˆ
]
< δMk+1
}
,
(2)
where the index v runs over all independent samples and
1{·} is the indicator function. Each sample has a sta-
tistical weight wv in the grand-canonical ensemble that
depends on the values of the thermodynamic fields [35].
The system-dependent scaling constant Λ must be deter-
mined self-consistently. The bin size is chosen such that
(δMk+1 − δMk) = L
−3, where δM≡ Λ(M−M∗) and
M∗ is the ensemble-averaged mean value of M.
We then construct a χ2-function that seeks to minimize
the difference between the observed distribution of M
and the universal distribution, pM, while obeying the
imposed composition constraint:
χ2 ≡
∑
k
[
p
(M)
gc,k (β
~f )− pM(δMk/Λ)
]2
σ2k
+ (3)
∑
i∈{s,c}
(〈
ρi(β ~f )
〉
/
∑
j∈{s,c}
〈
ρj(β ~f )
〉
− xi
)2
σ2i
,
where β ~f ≡ (βǫ, βǫs-s, βǫc-s, βǫc-c, βµs, βµc) and the in-
dex k runs over all bins. In the second term, 〈ρi〉 in-
dicates the ensemble-averaged number density of compo-
nent i. We estimate the error in the sampled distribution
of M to be
σ2k =
(∑
v w
2
v1k,v
)
− (
∑
v wv1k,v)
2
/nsamples∑
v wv
, (4)
where 1k,v is the indicator function written out explicitly
in Eq. (2), and we estimate the error in the observed
composition at the critical point to be
σ2i =
1
φ2

 ∑
j,k∈{s,c}
(
δij −
ρi
φ
)
〈δρjδρk〉
(
δik −
ρi
φ
), (5)
where 〈δρjδρk〉 ≡ 〈ρjρk〉 − 〈ρj〉〈ρk〉, φ ≡
∑
j∈{s,c}ρj and
δij is the Kronecker delta.
Finally, we calculate the probability of chaperone
dimerization, 〈pc-c〉, directly from the simulation data
according to the definition
〈pc-c〉
∗ ≡
〈
2ncc
Nc
〉∗
, (6)
where ncc is the number of chaperone–chaperone patch
contacts and Nc is the total number of chaperone
monomers on the lattice. In this definition, 〈·〉∗ indicates
a grand-canonical average obtained at the critical point
with the specified chemical potentials and directional in-
teraction energies.
REFERENCES
1. Ellis RJ. Chaperone function: The orthodox view.
Cambridge University Press, New York; 2005.
2. Tyedmers J, Mogk A, Bukau B. Cellular strategies for
controlling protein aggregation. Nat Rev Mol Cell Biol.
2010;11(11):777–788.
3. Drummond DA, Wilke CO. Mistranslation-induced
protein misfolding as a dominant constraint on coding-
sequence evolution. Cell. 2008;134(2):341–352.
4. Humphreys DT, Carver JA, Easterbrook-Smith SB,
Wilson MR. Clusterin has chaperone-like activity sim-
ilar to that of small heat shock proteins. J Biol Chem.
1999;274(11):6875–6881.
5. Bakthisaran R, Tangirala R, Rao CM. Small heat
shock proteins: Role in cellular functions and pathol-
ogy. Biochim Biophys Acta. 2015;1854(4):291–319.
86. Treweek TM, Morris AM, Carver JA. Intracellu-
lar protein unfolding and aggregation: The role of
small heat-shock chaperone proteins. Aust J Chem.
2003;56(5):357–367.
7. Carver JA, Rekas A, Thorn DC, Wilson MR. Small
heat-shock proteins and clusterin: Intra-and extracel-
lular molecular chaperones with a common mechanism
of action and function? IUBMB Life. 2003;55(12):661–
668.
8. Hochberg GK, Ecroyd H, Liu C, Cox D, Cascio
D, Sawaya MR, et al. The structured core do-
main of αB-crystallin can prevent amyloid fibrillation
and associated toxicity. Proc Natl Acad Sci USA.
2014;111(16):E1562–E1570.
9. Shammas SL, Waudby CA, Wang S, Buell AK, Knowles
TPJ, Ecroyd H, et al. Binding of the molecular chap-
erone αB-crystallin to Aβ amyloid fibrils inhibits fibril
elongation. Biophys J. 2011;101(7):1681–1689.
10. Waudby CA, Knowles TPJ, Devlin GL, Skepper JN,
Ecroyd H, Carver JA, et al. The interaction of αB-
crystallin with mature α-synuclein amyloid fibrils in-
hibits their elongation. Biophys J. 2010;98(5):843–851.
11. Knowles TPJ, Shu W, Devlin GL, Meehan S, Auer
S, Dobson CM, et al. Kinetics and thermodynam-
ics of amyloid formation from direct measurements of
fluctuations in fibril mass. Proc Natl Acad Sci USA.
2007;104(24):10016–10021.
12. Bence NF, Sampat RM, Kopito RR. Impairment of
the ubiquitin-proteasome system by protein aggrega-
tion. Science. 2001;292(5521):1552–1555.
13. Mchaourab HS, Godar JA, Stewart PL. Structure
and mechanism of protein stability sensors: Chaper-
one activity of small heat shock proteins. Biochemistry.
2009;48(18):3828–3837.
14. Haslbeck M, Walke S, Stromer T, Ehrnsperger M,
White HE, Chen S, et al. Hsp26: A temperature-
regulated chaperone. EMBO J. 1999;18(23):6744–6751.
15. Basha E, O’Neill H, Vierling E. Small heat shock pro-
teins and α-crystallins: Dynamic proteins with flexible
functions. Trends Biochem Sci. 2012;37(3):106–117.
16. Haslbeck M, Franzmann T, Weinfurtner D, Buchner
J. Some like it hot: The structure and function
of small heat-shock proteins. Nat Struct Mol Biol.
2005;12(10):842–846.
17. Arrasate M, Mitra S, Schweitzer ES, Segal MR,
Finkbeiner S. Inclusion body formation reduces levels
of mutant huntingtin and the risk of neuronal death.
Nature. 2004;431(7010):805–810.
18. Tanaka M, Kim YM, Lee G, Junn E, Iwatsubo T,
Mouradian MM. Aggresomes formed by α-synuclein
and synphilin-1 are cytoprotective. J Biol Chem.
2004;279(6):4625–4631.
19. Hartl FU, Bracher A, Hayer-Hartl M. Molecular chap-
erones in protein folding and proteostasis. Nature.
2011;475(7356):324–332.
20. Park SH, Kukushkin Y, Gupta R, Chen T, Konagai A,
Hipp MS, et al. PolyQ proteins interfere with nuclear
degradation of cytosolic proteins by sequestering the
Sis1p chaperone. Cell. 2013;154(1):134–145.
21. Jakob U, Gaestel M, Engel K, Buchner J. Small heat
shock proteins are molecular chaperones. J Biol Chem.
1993;268(3):1517–1520.
22. The´riault JR, Lambert H, Cha´vez-Zobel AT, Charest
G, Lavigne P, Landry J. Essential role of the
NH2-terminal WD/EPF motif in the phosphorylation-
activated protective function of mammalian Hsp27. J
Biol Chem. 2004;279(22):23463–23471.
23. Van Montfort R, Slingsby C, Vierling E. Structure
and function of the small heat shock protein/alpha-
crystallin family of molecular chaperones. Adv Protein
Chem. 2002;59:105–156.
24. Robertson AL, Headey SJ, Saunders HM, Ecroyd H,
Scanlon MJ, Carver JA, et al. Small heat-shock
proteins interact with a flanking domain to suppress
polyglutamine aggregation. Proc Natl Acad Sci USA.
2010;107(23):10424–10429.
25. Hochberg GK, Benesch JL. Dynamical structure of αB-
crystallin. Prog Biophys Mol Biol. 2014;115(1):11–20.
26. Baldwin AJ, Hilton GR, Lioe H, Bagne´ris C, Benesch
JL, Kay LE. Quaternary dynamics of αB-crystallin as
a direct consequence of localised tertiary fluctuations
in the C-terminus. J Mol Biol. 2011;413(2):310–320.
27. Sun Y, MacRae TH. Small heat shock proteins: Molec-
ular structure and chaperone function. Cell Mol Life
Sci. 2005;62(21):2460–2476.
28. Fu X, Liu C, Liu Y, Feng X, Gu L, Chen X, et al. Small
heat shock protein Hsp16.3 modulates its chaperone ac-
tivity by adjusting the rate of oligomeric dissociation.
Biochem Biophys Res Commun. 2003;310(2):412–420.
29. Benesch JLP, Ayoub M, Robinson CV, Aquilina
JA. Small heat shock protein activity is regulated
by variable oligomeric substructure. J Biol Chem.
2008;283(42):28513–28517.
30. Stengel F, Baldwin AJ, Painter AJ, Jaya N, Basha E,
Kay LE, et al. Quaternary dynamics and plasticity
underlie small heat shock protein chaperone function.
Proc Natl Acad Sci USA. 2010;107(5):2007–2012.
31. Hayes D, Napoli V, Mazurkie A, Stafford WF, Graceffa
P. Phosphorylation dependence of Hsp27 multimeric
size and molecular chaperone function. J Biol Chem.
2009;284(28):18801–18807.
32. Feil IK, Malfois M, Hendle J, van der Zandt H, Svergun
DI. A novel quaternary structure of the dimeric α-
crystallin domain with chaperone-like activity. J Biol
Chem. 2001;276(15):12024–12029.
33. Haslbeck M, Ignatiou A, Saibil H, Helmich S, Frenzl E,
Stromer T, et al. A domain in the N-terminal part of
Hsp26 is essential for chaperone function and oligomer-
ization. J Mol Biol. 2004;343(2):445–455.
34. Aquilina JA, Benesch JL, Ding LL, Yaron O, Horwitz
J, Robinson CV. Subunit Exchange of Polydisperse
Proteins. J Biol Chem. 2005;280(15):14485–14491.
35. Jacobs WM, Oxtoby DW, Frenkel D. Phase separation
in solutions with specific and nonspecific interactions.
J Chem Phys. 2014;140:204109.
36. Jacobs WM, Frenkel D. Predicting phase behav-
ior in multicomponent mixtures. J Chem Phys.
2013;139(2):024108.
37. Gunton JD, Shiryayev A. Protein condensation: Ki-
netic pathways to crystallization and disease. Cam-
bridge University Press; 2007.
38. Pastore A, Temussi PA. The two faces of Janus: Func-
tional interactions and protein aggregation. Curr Opin
Struct Biol. 2012;22(1):30–37.
39. Cumberworth A, Lamour G, Babu MM, Gsponer J.
Promiscuity as a functional trait: Intrinsically dis-
ordered regions as central players of interactomes.
Biochem J. 2013;454(3):361–9.
940. de Groot NS, Torrent M, Villar-Pique´ A, Lang B, Ven-
tura S, Gsponer J, et al. Evolutionary selection for
protein aggregation. Biochem Soc Trans. 2012;40(5).
41. Carver JA, Lindner RA, Lyon C, Canet D, Hernandez
H, Dobson CM, et al. The interaction of the molecular
chaperone α-crystallin with unfolding α-lactalbumin: A
structural and kinetic spectroscopic study. J Mol Biol.
2002;318(3):815–827.
42. Fu X, Chang Z, Shi X, Bu D, Wang C. Multilevel
structural characteristics for the natural substrate pro-
teins of bacterial small heat shock proteins. Protein Sci.
2014;23(2):229–237.
43. Thomson JA, Schurtenberger P, Thurston GM,
Benedek GB. Binary liquid phase separation and criti-
cal phenomena in a protein/water solution. Proceedings
of the National Academy of Sciences. 1987;84(20):7079–
7083.
44. Schurtenberger P, Chamberlin RA, Thurston GM,
Thomson JA, Benedek GB. Observation of critical phe-
nomena in a protein-water solution. Phys Rev Lett.
1989;63(19):2064.
45. Taratuta VG, Holschbach A, Thurston GM,
Blankschtein D, Benedek GB. Liquid–liquid phase
separation of aqueous lysozyme solutions: Effects of pH
and salt identity. J Phys Chem. 1990;94(5):2140–2144.
46. Broide ML, Berland CR, Pande J, Ogun OO, Benedek
GB. Binary–liquid phase separation of lens protein so-
lutions. Proc Natl Acad Sci USA. 1991;88(13):5660–
5664.
47. Wang Y, Lomakin A, Latypov RF, Laubach JP,
Hideshima T, Richardson PG, et al. Phase tran-
sitions in human IgG solutions. J Chem Phys.
2013;139(12):121904.
48. Baldwin AJ, Walsh P, Hansen DF, Hilton GR, Benesch
JL, Sharpe S, et al. Probing dynamic conformations
of the high-molecular-weight αB-crystallin heat shock
protein ensemble by NMR spectroscopy. J Am Chem
Soc. 2012;134(37):15343–15350.
49. Bova MP, Ding LL, Horwitz J, Fung BKK. Sub-
unit exchange of αA-crystallin. J Biol Chem.
1997;272(47):29511–29517.
50. Li P, Banjade S, Cheng HC, Kim S, Chen B, Guo L,
et al. Phase transitions in the assembly of multivalent
signalling proteins. Nature. 2012;483(7389):336–340.
51. ten Wolde PR, Frenkel D. Enhancement of protein crys-
tal nucleation by critical density fluctuations. Science.
1997;277(5334):1975–1978.
52. Vekilov PG. Phase diagrams and kinetics of phase tran-
sitions in protein solutions. J Phys Condens Matter.
2012;24(19):193101.
53. Sˇaric´ A, Chebaro YC, Knowles TPJ, Frenkel D. Crucial
role of nonspecific interactions in amyloid nucleation.
Proc Natl Acad Sci USA. 2014;111(50):17869–17874.
54. Griffiths RB, Wheeler JC. Critical points in multicom-
ponent systems. Phys Rev A. 1970;2(3):1047.
55. Bruce AD, Wilding NB. Scaling fields and univer-
sality of the liquid-gas critical point. Phys Rev Lett.
1992;68(2):193.
56. Wilding NB. Simulation studies of fluid critical be-
haviour. J Phys Condens Matter. 1997;9(3):585.
